Endosymbiotic associations have played a major role in evolution. However, the molecular basis for the biochemical interdependence of these associations remains poorly understood. The aphid-Buchnera endosymbiosis provides a powerful system to elucidate how these symbioses are regulated. In aphids, the supply of essential amino acids depends on an ancient nutritional symbiotic association with the gamma-proteobacterium Buchnera aphidicola. Buchnera cells are densely packed in specialized aphid bacteriocyte cells. Here we confirm that five putative amino acid transporters are highly expressed and/or highly enriched in Acyrthosiphon pisum bacteriocyte tissues. When expressed in Xenopus laevis oocytes, two bacteriocyte amino acid transporters displayed significant levels of glutamine uptake, with transporter ACYPI001018, LOC100159667 (named here as Acyrthosiphon pisum glutamine transporter 1, ApGLNT1) functioning as the most active glutamine transporter. Transporter ApGLNT1 has narrow substrate selectivity, with high glutamine and low arginine transport capacity. Notably, ApGLNT1 has high binding affinity for arginine, and arginine acts as a competitive inhibitor for glutamine transport. Using immunocytochemistry, we show that ApGLNT1 is localized predominantly to the bacteriocyte plasma membrane, a location consistent with the transport of glutamine from A. pisum hemolymph to the bacteriocyte cytoplasm. On the basis of functional transport data and localization, we propose a substrate feedback inhibition model in which the accumulation of the essential amino acid arginine in A. pisum hemolymph reduces the transport of the precursor glutamine into bacteriocytes, thereby regulating amino acid biosynthesis in the bacteriocyte. Structural similarities in the arrangement of hosts and symbionts across endosymbiotic systems suggest that substrate feedback inhibition may be mechanistically important in other endosymbioses.
symbiosis | coevolution | amino acid/auxin permease E ndosymbiosis is an important force in evolution that allows animals and plants to acquire novel metabolic traits and exploit nutritionally challenging environments. For example, in legume-Rhizobium symbioses, plants exchange amino acids (1, 2) and carbon photosynthate (as dicarboxylic acids, usually malate) in return for Rhizobium-provisioned fixed nitrogen (as ammonium, NH 4 + ) (3) . Nitrogen often is a limiting factor in plant growth (3) , and legume-Rhizobium nitrogen fixation provides a significant proportion of all biologically accessible nitrogen (4) . Nutritional symbioses are present in 10-15% of all insect species, with microbial symbionts providing essential nutrients (such as essential amino acids and vitamins) that are absent from nutritionally unbalanced diets (5) (6) (7) (8) . Importantly, endosymbionts provide novel biochemistry to host insects that allows insects to exploit otherwise inaccessible niches. In both plant and animal nutritional endosymbioses a unifying unanswered question remains: How are symbiotic partners metabolically integrated so the microbial partner meets the host demand for essential nutrients?
To advance insight into host-symbiont metabolic integration, we work with the insect-bacterial nutritional endosymbiosis of the pea aphid, Acyrthosiphon pisum and its gamma-proteobacterium Buchnera aphidicola. A. pisum feeds exclusively on plant phloem sap, which contains low concentrations of essential amino acids, the amino acids that are required but cannot be synthesized de novo by the aphid. Elegantly, the essential amino acid shortfall is compensated by the host's collaboration with the intracellular symbiont Buchnera aphidicola, which converts abundant nonessential amino acids into essential amino acids that are supplied to the aphid [reviewed by Shigenobu and Wilson, ref. 9] . Recent in silico metabolic flux balance analysis of the A. pisum-Buchnera symbiosis demonstrates that, at least theoretically, host regulation of the supply of precursor nitrogen (amino acid) and carbon to Buchnera can impact the output of essential amino acids, thus providing a mechanism by which the host can control the production of essential amino acids (10) . In fact Thomas et al. (10) propose that the symbiont's biosynthesis of essential amino acids is exclusively host controlled, because Buchnera has lost essential amino acid biosynthesis gene regulatory elements (11) . Lack of gene regulation by Buchnera is consistent with evidence from whole-genome microarray experiments that show Buchnera has a limited transcriptional response to the manipulation of dietary amino acid supply (12) (13) (14) (15) . Overall those microarray data demonstrate constitutive amino acid biosynthesis in the symbiont, precluding Buchnera from playing an active role in metabolic regulation of the symbiosis at a transcriptional level.
If symbiont' biosynthesis of essential amino acids is exclusively host controlled, by what mechanism is it controlled? One potential way that A. pisum could regulate symbiont's biosynthesis of essential amino acids is by regulating the supply of precursor amino acids to Buchnera (10). Central to the A. pisum-Buchnera symbiosis is the exchange of amino acids between symbiotic partners, with Buchnera receiving nonessential amino acids from Significance Nutritional bacterial endosymbionts are housed in specialized host cells and are partitioned from the host cell cytoplasm by a host-derived symbiosomal membrane. This cellular organization isolates bacterial symbionts from nutrient pools in the host cell and makes possible host control of nutrient supply to bacterial symbionts. Here, using the aphid-Buchnera nutritional endosymbiosis, we demonstrate that the most active host glutamine (precursor) transporter, Acyrthosiphon pisum glutamine transporter 1, is competitively inhibited by arginine (a Buchnera-synthesized end product). We propose a model of endosymbiosis regulation in which precursor transport is regulated by a symbiont-synthesized end product. Thus, we provide insights into the molecular mechanism of host control of bacterial endosymbiont essential nutrient biosynthesis.
host aphids and returning essential amino acids to the host (9, 16, 17) . Buchnera populations are densely packed and housed in large, specialized bacteriocyte cells located in the aphid hemolymph. Within each bacteriocyte, Buchnera are partitioned from the cytoplasm by a symbiosomal membrane of host origin (18, 19) that is formed by endocytosis of the host cell membrane (20) . The symbiosomal membrane sits at the host-symbiont interface, making the symbiont in effect extracellular or outside the host cytoplasm. Very little is known about the origin, structure, and transport properties of the symbiosomal membrane, although it is likely to be of significant importance for nutritional symbiosis function. Transport of amino acids from aphid hemolymph across the bacteriocyte membrane, symbiosomal membrane, and Buchnera inner and outer cell membranes is fundamental to symbiotic function (Fig. S1 ). Previously we established that the A. pisum genome contains 40 putative nutrient amino acid transporters (AATs) that belong to the amino acid polyamine organocation (APC) superfamily (21, 22) . On the basis of bacteriocyte gene-expression analyses (16, 21, 23, 24) and a quantitative proteome analysis (25), we hypothesize that five transporters have an important functional role in bacteriocytes.
The most likely amino acid target for host control of symbiotic function in the A. pisum-Buchnera symbiosis is glutamine. Buchnera cannot synthesize seven nonessential amino acids (asparagine, aspartate, glutamate, glutamine, proline, serine, and tyrosine) (9, 11) . In the case of aspartate, glutamate, glutamine, serine, and tyrosine, A. pisum compensates for Buchnera's biosynthetic deficiency by synthesizing these amino acids in bacteriocytes (16) . Biosynthesis of these five nonessential amino acids requires a single amino acid precursor: glutamine. Glutamine is the dominant hemolymph amino acid in aphids and is available for transport into bacteriocytes (26) . Experimentally isolated A. pisum bacteriocytes transport 14 C-glutamine via a high-capacity glutamine transporter of unknown identity (26) . Furthermore, Buchnera require glutamine as a substrate for the biosynthesis of the essential amino acids arginine, histidine, and tryptophan (9, 16) , necessitating the transport of glutamine across the A. pisum symbiosomal membrane and the Buchnera inner and outer membranes. In sum, glutamine, the primary amino acid imported into bacteriocytes, is critical for the biosynthesis of nonessential and essential amino acids. Currently, the molecular identity of the A. pisum bacteriocyte glutamine AATs is unknown.
The current study had two objectives: (i) to identify bacteriocyte glutamine transporter(s), and (ii) to characterize glutamine transport function. To meet these objectives, we expressed A. pisum bacteriocyte AATs in African clawed frog (Xenopus laevis) oocytes and screened A. pisum bacteriocyte transporters for glutamine uptake. Based on functional characterization and immunolocalization of the most active bacteriocyte glutamine transporter, we propose a model for the regulation of bacteriocyte amino acid biosynthesis. In our proposed model, the accumulation of the essential amino acid arginine in A. pisum hemolymph reduces transport of the precursor nonessential amino acid glutamine in to bacteriocytes, thereby regulating bacteriocyte biosynthesis of nonessential and essential amino acids.
Results
Analysis of the Relative Expression of A. pisum Bacteriocyte AATs.
Previously, in A. pisum we identified 40 APC superfamily AATs, with 18 transporters belonging to APC transporter family [transporter classification number (T.C #) 2.A.3] and 22 belonging to the amino acid/auxin permease transporter family (T.C # 2.A.18) (21). Here we reanalyze existing expression data for 17 candidate A. pisum bacteriocyte AATs and show that, based on gene expression, only five transporters-ACYPI000536 (LOC100159138), ACYPI000550 (LOC100159152), ACYPI001018 (LOC100159667), ACYPI008904 (LOC100168178), and ACYPI008971 (LOC100168251)-are expressed in bacteriocytes at levels >10% of GAPDH expression (Fig. 1) . We predict that these five transporters are functionally important at the aphidBuchnera symbiotic interface. Transporters ACYPI000536 and ACYPI008904 are enriched in bacteriocytes by 28.8-fold and 15.0-fold, respectively, compared with whole-insect expression levels ( Fig. 1 A and B) and also are highly expressed in bacteriocytes as compared with other ATTs in the A. pisum APC superfamily ( Fig. 1C) (21) . The remaining transporters ACYPI000550, ACYPI001018, and ACYPI008971 are not enriched in bacteriocytes relative to whole-insect expression levels ( Fig. 1 A and B) but are highly expressed compared with other ATTs in the A. pisum APC superfamily (21) (Fig. 1C) . Notably, these patterns of AAT expression are consistent across three genetically discrete A. pisum lines (Fig. S2) .
A. pisum Bacteriocyte AATs Transport Glutamine. Two of the five AATs we predict to be functionally important at the A. pisumBuchnera symbiotic interface transport glutamine. When expressed in Xenopus oocytes, these two transporters, ACYPI001018 and ACYPI008904, have significant levels of glutamine transport compared with water-injected controls (P < 0.01, one-way AVOVA followed by Dunnett's posttest) (Fig. 2 ). Under our standard assay conditions (as described in Materials and Methods), transporter ACYPI001018 (LOC100159667) is the dominant glutamine transporter, transporting 7.6-fold more glutamine than ACYPI008904, and hereafter is referred to as "A. pisum glutamine transporter 1" (ApGLNT1).
ApGLNT1 Is a Glutamine Transporter Competitively Inhibited by
Arginine. ApGLNT1 has very narrow substrate selectivity; amino acid competition (inhibition) with a 10-fold molar excess of competing amino acid (with the exception of tyrosine that, because of low solubility, was used at a 2.5-fold molar excess; Fig. 3A ) demonstrates that only arginine significantly inhibits glutamine transport (P < 0.001, one-way ANOVA followed by Dunnett's posttest). These competition assays show that ApGLNT1 has higher binding affinity for arginine than for glutamine ( C-glutamine transport assays as a positive control (Fig. 3B) . At low arginine concentrations (0.1 mM, 1 mM, and 5 mM), we could not detect arginine transport. Measurable arginine transport was detected at higher concentrations (10 mM arginine) but only at low levels relative to glutamine transport: 10 mM arginine transport was ∼12% of 10 mM glutamine transport. Amino acid competition experiments (Fig. 3A) and analyses of arginine transport (Fig. 3B) demonstrate that ApGLNT1 binds arginine efficiently but transports arginine poorly. In contrast, the transport rate of ApGLNT1 can be saturated with increasing concentrations of glutamine, yielding estimated K m and V max values of 2.7 ± 0.4 mM glutamine and 152.0 ± 4.5 pmol glutamine per oocyte/min, respectively (Fig. 3C) .
We further investigated the ability of arginine to compete with glutamine for ApGLNT1 uptake by performing additional amino acid competition (inhibition) assays in the presence of increasing concentrations of unlabeled arginine (Fig. 3D ). These assays demonstrate that arginine inhibits glutamine uptake with an estimated IC 50 of 3.9 ± 1.1 mM arginine. Furthermore, assays of glutamine transport kinetics in the presence of 3 mM and 7 mM arginine demonstrate an increase in glutamine K m , with retention of a V max indistinguishable from that estimated in the absence of arginine (one-way ANOVA, F = 2.102, P = 0.151). This increase in K m with no change in V max indicates that arginine competitively inhibits glutamine transport with an estimated K i of 3.6 ± 0.5 mM arginine (Fig. 3E ).
ApGLNT1 Localizes to the A. pisum Bacteriocyte Plasma Membrane.
Aphid bacteriocytes isolated from young adult females appear as large, irregular spherical cells (diameter 133.9 ± 4.3 μm, mean ± SEM; n = 10), with a polyploid nucleus and densely packed with coccoid B. aphidicola symbionts (diameter 2.7 ± 0.1 μm, mean ± SEM; n = 10) (Fig. 4) , as previously described (18, 19) . The immunolocalization of ApGLNT1 protein in A. pisum bacteriocytes using rabbit monospecific antibodies to ApGLNT1 reveals punctate staining in the bacteriocyte cytoplasmic spaces that are not occupied by Buchnera symbionts and extensive staining of the bacteriocyte plasma membrane and sheath cell (Fig. 4 A-A′′) . The observed localization of ApGLNT1 on the plasma membrane is consistent with the transport of glutamine from A. pisum hemolymph to the bacteriocyte cytosol (26) . Similar staining patterns were not observed in control localizations that were performed with either peptide-preadsorbed primary ApGLNT1 antibodies (Fig. 4 B-B′′) or secondary-only antibodies (Fig. S3) , confirming the specificity of the ApGLNT1 immunolocalization. Importantly, these localization patterns are consistent across three independent experiments (Fig. S3) .
Discussion
The significance of our data is threefold. First, our gene-expression analysis of A. pisum bacteriocyte AATs ( Fig. 1 and Fig. S2 ) supports accumulating evidence from A. pisum bacteriocyte transcriptomes (16, 23) and a quantitative bacteriocyte proteome analysis (25) that two transporters, ACYPI000536 and ACYPI008904, are the most highly expressed and enriched AATs in A. pisum bacteriocytes relative to whole-insect levels. In addition, our data demonstrate that three AATs, ACYPI000550, ACYPI001018, and Glutamine transport with and without inhibitor arginine (at indicated concentrations) was fitted to competitive inhibition equations, and K i was determined by nonlinear regression using Prism 5.0c software. All transport was corrected for background transport into control (water-injected oocytes). Each value is the mean ± SEM; n = 10-12 in A-D; n = 7 in E. Bars marked with asterisks are significantly different from control. **P < 0.001; one-way ANOVA followed by Dunnett's posttest. ACYPI008971, are highly expressed in A. pisum bacteriocytes ( Fig. 1 and Fig. S2) . Second, by finding that two bacteriocyteexpressed AATs (ACYPI001018 and ACYPI008904) transport glutamine (Fig. 2) we extend the work of Sasaki and Ishikawa (26) , who demonstrated that isolated A. pisum bacteriocytes have high-capacity 14 C-glutamine transport activity. Third, based on detailed functional analysis of ApGLNT1 (Fig. 3) and localization of ApGLNT1 to the plasma membrane of bacteriocyte cells (Fig. 4 and Fig. S3 ), we propose a model of substrate feedback inhibition in which ApGLNT1 regulates precursor nonessential amino acid transport into bacteriocytes; we hypothesize that this inhibition functions to regulate the bacteriocyte's biosynthesis of nonessential and essential amino acids (Fig. 5) .
Glutamine and glutamate are the only amino acid precursors and amino donors required for bacteriocyte biosynthesis of amino acids (9, 10, 16) . Early studies with isolated bacteriocytes demonstrated that glutamine, but not glutamate, is transported across the bacteriocyte cell membrane (26) . More recently, and consistent with these early observations, metabolic reconstruction of the biosynthesis of amino acids in the bacteriocyte revealed that transport of a single amino acid, glutamine, is required for collaborative A. pisum and Buchnera biosynthesis of 19 protein-coding amino acids (9, 16) . From glutamine, aphids synthesize glutamate in bacteriocyte cells via the GOGAT cycle (16) . Thus, glutamine transport from hemolymph, where it is the most abundant free amino acid (26) , into bacteriocytes, coupled with glutamate synthesis via the GOGAT cycle, provides the amino acid precursors and amino donors required for the biosynthesis of 10 essential amino acids (arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine) and nine nonessential amino acids (alanine, aspartate, cysteine, glutamate, glutamine, glycine, proline, serine, and tyrosine) (Fig. S4) (9, 16, 26) . The biosynthesis pathway for the 20th amino acid, asparagine, is not highly expressed and/or enriched in bacteriocytes, likely because asparagine is found at high concentrations in the phloemsap diet (27) and hemolymph of A. pisum (26) .
Localization of ApGLNT1 to the plasma membrane of bacteriocytes (Fig. 4 and Fig. S3) is consistent with the transport of glutamine from A. pisum hemolymph into bacteriocyte cells (26) . On the basis of our glutamine transport assays (Fig. 2) , we argue that ApGLNT1 is the dominant transporter of glutamine into A. pisum bacteriocytes. We hypothesize that the low levels of glutamine transport by ACYPI008904 and the absence of any significant glutamine transport by ACYPI008971, ACYPI000550, and ACYPI000536 are caused by these transporters not recognizing glutamine as a preferred substrate, and we anticipate that these four transporters function at the bacteriocyte membrane and/or symbiosomal membrane to transport other amino acids. However, although ApGLNT1 is the most efficient bacteriocyte glutamine transporter when expressed in Xenopus oocytes, we cannot exclude the possibility that ACYPI000536, ACYPI000550, ACYPI008904, and ACYPI008971 play important roles in glutamine transport at the A. pisum-Buchnera symbiotic interface. The low glutaminetransport activity of these four bacteriocyte transporters in Xenopus oocytes under standard assay conditions may not accurately reflect their ability to transport glutamine in vivo. Current work is underway to localize these four transporters to the bacteriocyte and/or the symbiosomal membrane (Fig. 5) and to investigate further their transport properties and substrate selectivity.
Exactly how is amino acid biosynthesis in the bacteriocyte regulated? Here we present biochemical evidence consistent with previous in silico metabolic reconstructions by Thomas et al. (10) that the host-regulated supply of metabolic precursors impacts the biosynthetic output of bacteriocytes. ApGLNT1 transports glutamine from A. pisum hemolymph into bacteriocytes (Fig. 4) . Transport of glutamine by ApGLNT1 is competitively inhibited by an end-product metabolite, arginine (Fig. 3) . Putting these data together, we present a model of substrate feedback inhibition in Glutamine and glutamate (Glu) are readily interconverted in the bacteriocyte cytoplasm via the GOGAT cycle (shaded gray), which is up-regulated in bacteriocytes relative to whole-insect expression levels (16) . Glutamine and glutamate are both required precursors and amino donors for shared A. pisum-Buchnera essential amino acid (EAA) biosynthesis pathways. In our proposed model, based on spatial localization and functional characterization of ApGLNT1, accumulating levels of the essential amino acid arginine in A. pisum hemolymph act as a negative regulator of glutamine transport (−), resulting in shut down of amino acid biosynthesis (red arrows). The multiple membranes of the symbiosome include the A. pisum bacteriocyte membrane (thick green line), the A. pisum symbiosomal membrane (thin circular green line), and the inner and outer membranes of Buchnera (thin circular blue line). Uncharacterized transporters are indicated by a question mark.
which accumulating levels of the essential amino acid arginine in A. pisum hemolymph inhibit the transport of the precursor glutamine into bacteriocytes (Fig. 5) . In turn, the reduced glutamine transport into bacteriocytes results in reduced biosynthesis of nonessential and essential amino acids ( Fig. 5 and Fig. S4 ). In aphids, because of missing genes in the urea cycle (28), arginine is not synthesized de novo and therefore is an essential amino acid. Our regulatory model proposes that arginine assimilation reduces the arginine concentration in hemolymph to a level at which glutamine transport into bacteriocytes no longer is inhibited, thereby restarting the biosynthesis of amino acids in the bacteriocyte. The regulation of precursor glutamine transport into bacteriocytes by an end-product metabolite arginine is sufficient to regulate the biosynthesis of amino acids in the bacteriocyte in response to host demand. The mechanism of substrate feedback inhibition is more commonly associated with regulation of enzymes in linear multistep metabolic pathways, in which the first reaction step is inhibited by accumulation of reaction product from the final step in the pathway (29, 30) . Recently, competitive substrate inhibition has been demonstrated for the high-capacity Escherichia coli xylose transporter XylE, which has high binding affinity for glucose but does not transport glucose (31) . Mechanistically, competitive inhibition of xylose transport by glucose may play an important role in E. coli catabolite repression, a mechanism that allows E. coli to use glucose preferentially before xylose (32). Here we report that competitive substrate feedback inhibition can operate at the level of a metabolite substrate transporter at a symbiotic interface.
Compartmentalization of host and Buchnera amino acid biosynthesis enzymes from A. pisum hemolymph facilitates an AATs functioning as a key nutrient regulator at the symbiotic interface. Remarkably, the compartmentalization observed at the aphidBuchnera symbiotic interface has a striking similarity to the legume-Rhizobium symbiotic interface (33) . Differentiated Rhizobium symbionts (called "Rhizobium bacteroids") are housed in specialized plant cells, and symbionts are partitioned from the cytoplasm by a peribacteroid membrane, which is equivalent to the A. pisum symbiosomal membrane. Upon the establishment of a functional symbiotic association, free-living Rhizobium bacteroids surrender their ability to synthesize the branched-chain amino acids (isoleucine, leucine, and valine) and become dependent on the host plant for supply of these nutrients, a phenomenon that is called "symbiotic auxotrophy" (2) . Significantly, the supply of branched-chain amino acids to Rhizobium bacteroids provides a mechanism by which legume host plants regulate the development and persistence of Rhizobium bacteroids (2, 34) . Likewise, as a result of extensive genome erosion, Buchnera cannot synthesize seven nonessential amino acids (asparagine, aspartate, glutamate, glutamine, proline, serine, and tyrosine) (11) and therefore also can be classified as symbiotic auxotrophs. In the aphid host the biosynthetic pathways for five of the seven nonessential amino acids are up-regulated in bacteriocytes to compensate for Buchnera gene loss (16) . Thus, transport of all seven nonessential amino acids across the bacteriocyte symbiosomal membrane to Buchnera symbionts by as yet uncharacterized transporters is predicted to occur. Likewise, bacteriocyte-synthesized essential amino acids and potentially nonessential amino acids are returned to the A. pisum hemolymph via uncharacterized transporters (Fig. 5 ). Our future work will focus on these uncharacterized AATs with the aim of testing metabolic models that necessitate the flux of metabolites between A. pisum and Buchnera.
In summary, our work identifies ApGLNT1 as the dominant glutamine transporter at the bacteriocyte plasma membrane, and we demonstrate that ApGLNT1 has very narrow substrate selectivity, with the activity of glutamine transport competitively inhibited by the essential amino acid arginine. In this study we focused on detailed functional characterization of an A. pisum bacteriocyte AAT in experimentally amenable Xenopus oocytes; importantly, our work makes significant progress by providing a model for regulation of a nutritional endosymbiosis. This result is consistent with the idea that the biosynthesis of amino acid in the bacteriocyte can be regulated by controlling the transport of the precursor into bacteriocytes (10) . It remains to be seen whether symbiotic regulation by substrate feedback inhibition of a transporter is mechanistically important in other highly compartmentalized, nutritionally obligate endosymbioses.
Materials and Methods
Real-Time Quantitative PCR. Real-time quantitative PCR (qPCR) was used to compare AAT gene expression in different tissues using 2 −ΔΔC T methodology (35) . Reaction conditions and primer sequences were described previously by Price et al. (21) . AAT gene expression was normalized to GAPDH (ACYPI009769, LOC100169122) as previously described (21) . For data presentation in heat maps, the ΔC T for each transporter in each tissue was transformed into z-scores × 10 where the z-score of a raw expression value x is z = (x − μ)/σ, where μ and σ are the mean and SD, respectively, of ΔC T values for all transporters across all tissues.
Cloning Full-Length A. pisum Bacteriocyte AAT Genes. A. pisum bacteriocyte transporter coding sequences (CDS) for ACYPI000536 (LOC100159138), ACYPI000550 (LOC100159152), ACYPI001018 (LOC100159667), ACYPI008904 (LOC100168178), and ACYPI008971 (LOC100168251) were amplified from A. pisum bacteriocyte cDNA using Phusion High Fidelity DNA Polymerase (Finnzymes). All PCR primers contained a 5′ optimized Kozak initiation sequence for efficient translation (36) and a 5′ NotI site and a 3′ BamHI site (primer sequences are listed in Table S1 ). Amplification reactions were performed on a Mastercycler ep thermal cycler (Eppendorf) using an initial hold of 98°C for 30 s followed by 30 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 90 s, and after cycling a hold at 72°C for 5 min. Amplified coding sequences were digested with NotI and BamHI and cloned into the respective sites of pcDNA3.1 (Invitrogen). All expression constructs were fully sequenced using Sanger sequencing in standard ABI Big Dye terminator v3.1 reactions. Reaction products were analyzed on 3130xl genetic analyzer (ABI), and sequence data were assembled into contiguous sequences using Sequencher (version 4.9).
Expression of A. pisum AATs in Xenopus Oocytes. Oocytes were surgically removed from adult female X. laevis frogs (Nasco). The care and use of X. laevis frogs in this study were approved by the University of Miami Animal Research Committee and met the guidelines of the National Institutes of Health. Follicle cells were removed with Collagenase B (Boehringer Mannhem) for 2 h at room temperature. Capped cRNA encoding each transporter was generated using T7 mMESSAGE mMACHINE kits (Ambion) and was polyadenylated using the poly(A) tailing kit (Ambion). For expression of each transporter, 23-46 ng of cRNA was injected into stage V-VI oocytes. Control oocytes were injected with an equivalent volume of water. Oocytes were incubated at 16°C in Barth's saline [88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.3 mM CaNO 3 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 , 15 mM Hepes (pH 7.6) and 2.5 μg/mL ciprofloxacin] for 1-3 d before functional uptake assays.
Functional Analysis of A. pisum AATs in Xenopus Oocytes. Xenopus oocyte standard transport assays were based on methods previously described by Yao et al. (37) . Briefly 10-12 oocytes injected with cRNA were washed twice and allowed to equilibrate for 15 min at room temperature in transport buffer [25 mM citrate buffer (pH 6.0), 100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 ]. To initiate uptake assays, oocytes were placed on a rotatory shaker at room temperature, and at time 0 the transport buffer was replaced with 200 μL transport buffer containing defined amino acids and either 1 μCi/mL L-[ 14 C (U)]-glutamine (260 mCi/mmol) (Perkin-Elmer) or 1 μCi/mL L-[ 14 C(U)]-arginine (274 mCi/mmol) (Perkin-Elmer), depending on the experiment. Glutamine transport into Xenopus oocytes expressing ApGLNT1 increased linearly for at least 80 min (Fig. S5) . Thus, we stopped all subsequent transport assays during the linear phase at 30 min. After uptake for 30 min, oocytes were washed rapidly four times with 1 mL ice-cold transport buffer. Control experiments with water-injected oocytes were performed in parallel. Individual undamaged oocytes were transferred to scintillation vials and dissolved in 0.5 mL 5% SDS for 2 h with vigorous shaking. Uptake of labeled substrate was determined by liquid scintillation counting and corrected for background uptake into control (water-injected) oocytes.
To determine estimates of K m and V max transport kinetics, data were fitted to the Michaelis-Menten equation using nonlinear regression (Prism 5.0c software; GraphPad). For arginine-inhibition assays, the initial velocity of glutamine uptake was determined in the presence of increasing concentrations of arginine under standard transport assay conditions. IC 50 values were obtained by fitting the data to a sigmoid concentration-inhibition equation with variable slope using Prism 5.0c software. To determine estimates of the arginine inhibition constant (K i ), glutamine transport kinetics data in the presence of inhibitor (3 mM and 7 mM arginine) were fitted to a competitive inhibition equation, and K i was estimated by nonlinear regression using Prism 5.0c software.
Preparation of Anti-ApGLNT1 Antibody. A monospecific anti-ApGLNT1 antibody was generated using a custom service provided by Pacific Immunology Corp. Briefly, a synthetic peptide corresponding to amino acids 28-40 of ApGLNT1 plus a C-terminal cysteine (LDNNKRGSIRTDV-C) was synthesized and conjugated to maleimide-activated keyhole limpet hemocyanin (KLH). The KLH-coupled peptide was injected into New Zealand White rabbits for antibody production. Following a standard immunization protocol, monospecific anti-ApGLNT1 antibodies were purified from rabbit serum using an affinity column with immobilized ApGLNT1 peptide.
Spatial Localization of ApGLNT1 in A. pisum Bacteriocytes. Bacteriocytes were dissected from young adult female A. pisum (line LSR1) in 0.9% (wt/vol) NaCl and were fixed in 4% (wt/vol) formaldehyde (Thermo Scientific) overnight at 4°C. The bacteriocytes were washed five times, for 5 min each wash, in PBS (140 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 6.5 mM Na 2 HPO 4 , pH 7.4) at room temperature and then were blocked with 5% (vol/vol) normal donkey serum (NDS; Jackson ImmunoResearch Laboratories, Inc.) in PBS with 0.3% (vol/vol) Triton X-100 (PBST) for 1 h at room temperature. Samples were incubated with primary ApGLNT1 antibody at 1:500 dilution in 5% NDS in PBST overnight at 4°C. After incubation the bacteriocytes were washed five times, for 5 min each wash, in PBS at room temperature and were incubated with secondary Alexa-Fluor 568 donkey anti-rabbit IgG (H+L) antibody (Life Technologies) at 1:1,000 dilution in 5% NDS in PBST overnight at 4°C. After overnight incubation the bacteriocytes were washed five times, for 5 min each wash, in PBS, and the nuclei were stained with DAPI (Life Technologies) at 300 nM for 30 min at room temperature. Bacteriocytes were mounted in 2,2′-thiodiethanol (Sigma-Aldrich) on a glass slide. Fluorescence images were acquired using a Leica TCS SP5 laser scanning confocal microscope. Control treatments were run in parallel and included localizations with peptidepreabsorbed primary antibody (using a 20-fold molar excess of peptide) and the secondary-only antibody, according to ref. 38 . The localization experiment with control treatments was repeated three times with all images taken from a single confocal plane.
